Purpose: To minimize the risk of neurological deficit following stereotactic irradiation, functional brain information was integrated into treatment planning.
Introduction
One of the advantages of stereotactic irradiation (STI) over surgical resection in the treatment of brain diseases is that STI is an easier and safer method of accessing areas deep in the brain, as well as those located in the vicinity of the functional brain cortex.
Permanent radiation injury, known as radiation necrosis, is not a common consequence of STI. However, once necrosis occurs in certain areas of the brain responsible for the motor function, visual function, or comprehension or production of speech, it results in permanent neurologic deficits [1] [2] [3] [4] . The development of radiation necrosis is related to the dose of radiation received. Considering that neuronal fibers are serial in structure, the severity of neurologic deficit is expected to be related to factors such as the maximum radiation dose administered to functional brain areas, as well as the volume of the area exposed to more than the threshold dose of radiation [5, 6] . Although the threshold dose of radiation required to develop radiation necrosis has not been fully investigated, some clinical and experimental data have indicated that the threshold single dose lies within the range of 10-15 Gy [3, 4, 7] .
Recently, imaging modalities that enable the identification of functional brain areas have emerged as clinically significant [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] . Magnetoencephalography (MEG) is used AOYAMA H, et al., 5 to detect the magnetic field associated with intracranial neuronal electric activity itself.
In practice, it has been used to identify the sensorimotor, visual, and Wernicke's speech cortices [8, 10, 11, 12] . Magnetic resonance (MR) axonography or anisotropic diffusion weighted MR imaging (ADWI) is a method that visualizes the axonal pathway in the brain. ADWI applies three-orthogonal diffusion gradient pulses and can clearly demonstrate neuronal fibers perpendicular to a diffusion gradient as a hyperintense area. Theoretically, all the subcortical tracts that run in the cranial-caudal direction become hyperintense in the anterior-posterior (AP) diffusion gradient; however, previous reports on ADWI have suggested that the hyperintense areas might consist mainly of corticospinal tract [16, 17, 18] .
Integration of the three-dimensional configuration of functional brain areas into conformal radiation treatment planning using MEG and ADWI may minimize the risk of developing symptomatic adverse effects due to radiation necrosis at the functional brain area. In this study, we evaluated the potential contribution of integrating functional information into radiation treatment planning by dose-volume statistics to reduce the risk of symptomatic radiation necrosis. Preliminary clinical outcomes are also reported. The MEG studies were performed in a magnetically shielded room with a 204-channel wholehead biomagnetometer (VectorView; 4D-Neuroimage, San Diego, CA). The spatial resolution of MEG to detect the location of functional cortex is considered to be less than 5 mm [8] [9] [10] [11] [12] For the identification of the sensorimotor cortex in 15 patients, a somatosensory mapping protocol was used in which the median and tibial nerves contralateral to the side of the lesion were stimulated at the wrist and ankles, respectively, with 0.2 msec constant-current pulses. For the primary visual cortex mapping in 4 patients (Figure 1 ), the visually evoked field was measured by standard AOYAMA H, et al., 7 pattern shift stimulation. The Wernicke's area was identified by a simple object-naming task in 2 right-handed patients (Figure 2 ). In the evaluation of corticospinal tract using ADWI, hyperintense areas with an intensity 1.6 times higher than that of normal white matter in the anterior-posterior diffusion gradient were considered as part of the corticospinal tract ( Figure 3 ). Anatomical, ADW imaging experiments were performed during the MRI investigation using a 1.5 T whole-body MR scanner with echo-planner capabilities and a standard whole-head transmit-receiver coil (Magnetom Vision;
Siemens AG, Erlangen, Germany). Four sessions of multislice single-shot spin-echo echo-planar ADW imaging (TE, 87 msec.; 128 x 128 matrix; 19 slices) were performed with a b value of 1000 seconds/mm 2 . After the raw data of each ADW imaging session were 2-dimensionally reconstructed, all four sessions of ADW imaging were averaged.
The diffusion gradients were applied sequentially in three orthogonal directions to generate three sets of transverse ADW images to visualize the tract orientation.
Because the CST was theoretically expected to be the most hyperintense area in the anterior-posterior diffusion gradient, we took as the CST those hyperintense areas having intensity 1.6 times higher than the normal white matter. Anatomical 3D MR imaging data of each patient's head was obtained, resulting in 128 sequential, The MRI can be registered with the with the CT image using a CT-MR fusion system (EV pro, Hitachi Medico Co., Ltd., Tokyo), as described in detail previously [19] . The anatomical CT for radiation planning was conducted by conventional CT machine (Sfida, SCT-7000TX/TH; Shimazu, Kyoto) with slice thickness of 3 or 5 mm with matrix size of 256 x 256 with FOV of 280 mm. In brief, registration of the CT and MR images can be conducted based on 4 or more anatomical landmarks (e.g., the bilateral cochlea, the top of the basilar artery, the anterior commissure, etc.). After the registration, the contoured region-of-interest (ROI), such as the tumor or the organs-at-risk on the MR image, is automatically superimposed on the relevant CT image. In the same manner, after the registration of the function-integrated MRI with the CT image, the functional area was contoured on MRI and then superimposed on the relevant CT images. The CT images with the contours of tumors, anatomical organs-at-risk, and functional area (i.e., the function-integrated CT images) can be transferred to a 3D-RTP system (FOCUS; CMS Co., Ltd., St. Louis, MO) and used for dose calculation with inhomogeneity correction. STI was performed with a 6 mega-voltage linac-based stereotactic system (CLINAC 2300 C/D, Varian, CA) using treatment parameters AOYAMA H, et al., 9 transferred via Ethernet. The setup accuracy of the system was estimated to be ± 1 mm.
In this study, treatment plans were first created using conventional MRI/CT fusion images without functional data by one radiation oncologist who was blinded to the information regarding functional brain areas. After the radiation oncologist had completed the planning, the treatment plans were modified using function-integrated CT images. We evaluated the influence of the integration of functional information into the planning by comparing dose-volume statistics between the two consecutive plans for the same patient. The final treatment plans formulated using the function-integrated CT were chosen for the actual treatment. 
Results

Dose-Volume Statistics
The functional cortex was successfully identified in all 21 regions by using MEG.
The corticospinal tract pathway was also well identified using ADWI in all six patients examined. Fifteen (71%) out of 21 plans were judged to have been modified using the function-integrated CT images, and only 6 (29%) remained unchanged.
In the 15 lesions for which the plan was modified, the Dmax, V10, and V15 of the functional area after the modification were consistently reduced compared to the plan without functional information. The mean Dmax, V10, and V15 before modification were 15.5 Gy, 2.1 cc, and 1.8 cc and were reduced to 13 Gy, 0.9 cc, and 0.5 cc after modification.
The reduction was not significant for Dmax (p=0.24) or V10 (p=0.12), but it was significant for V15 (p=0.03) (Figure 4) . In all 21 lesions, the average Dmax value was patient had an AVM at the corpus callosum and received MEG but not ADWI before radiosurgery. ADMI was performed when he complained of a motor deficit. It showed radiation injury to the corticospinal pathway ( Figure 5 ).
Discussion
Over the past decade, an increasing body of evidence has indicated that larger doses of radiation lead to better cures of AVM and brain metastases after STI [1, 2, 20, 21] . In order to obtain a cure or local control of disease, coverage of the disease by at least 15
Gy has generally been considered necessary for AVM [1] and 18-20 Gy or more was recommended for brain metastases [20, 21] . However, such treatment schedules are consistently accompanied by a 3-7% risk of developing radiation necrosis [1, 2, 3, 4, 20, 21] .
The degree of neurological deficit is associated with the location and the size of the radiation necrosis [3, 4] . Therefore, if functional areas are not involved in the high dose area, patients would be symptom-free even if they had radiation necrosis in a silent area. Precise integration of functional images is expected not only to reduce radiation injury but also to increase the cure rate of the AVM and tumors by allowing delivery of a sufficient dose without fear of adverse reactions.
Apart from MEG, functional MRI (fMRI) and positron emission tomography (PET) AOYAMA H, et al., 13 is reported to be useful functional imaging modalities and fMRI is used for radiotherapy-treatment planning [14, 15] . MEG provides the direct measure of neuronal electric activity. In comparison with MEG, fMRI and PET provide the three-dimensional representation of functional activity in the brain in terms of metabolic and hemodynamic variables, and the relationship between those variables and neuronal activity has not yet well defined. Although fMRI can localize the functional cortex, its efficacy and validity for AVM are reported to be low [13] . The major issue is that functional brain mapping by fMRI is based on hemodynamic changes, and thus it might be affected if autoregulation of the blood flow is lost in brain tissue near AVM. In contract, MEG detects the magnetic field associated with intracranial neuronal electric activity itself, and thus is not influenced by a high blood flow shunt [13] . Therefore, it is reasonable to use MEG in patients with AVM [13] . ADMI that visualizes the axonal pathway in the brain has emerged as a potentially useful tool to supplement these images [16, 17, 18] . Kamiryo 
et al. recently developed a technique
combining MEG data and angiography as a tool to provide simultaneous viewing of both modalities in three dimensions. They reported that this technique may reduce the risks associated with embolization treatment [13] . A group in New Jersey used fMRI for radiosurgical planning and succeeded at reducing the maximum dose to the functional AOYAMA H, et al., 14 area in three patients in the treatment planning with an average dose reduction of 32% [14, 15] .
In the present series, MEG was used in 21 regions in 20 cases in order to localize the sensorimotor cortex, the visual cortex, and the Wernicke's area. We also used AWDI in addition to MEG in the 6 more recent cases. DVH analysis revealed that the area of functional brain tissue receiving 15 Gy was significantly reduced when plans were modified after the functional information was provided, whereas coverage of PTV was not significantly deteriorated. One patient with AVM at the corpus callosum who did not receive ADWI experienced a minor motor deficit, indicating that functional imaging of the relevant cortex is not sufficient to reduce symptomatic complications.
Injury to the corticospinal tract was suggested to be reduced by the use of ADWI.
In conclusion, we here developed a method of integrating information about the functional cortex and corticospinal tract into STI planning. Although further investigation will be necessary in order to fully understand the contribution of functional imaging study, the results presented here indicate that the integration of functional brain information could potentially reduce the risk of developing neurologic functional disturbance after undergoing STI. 
